Whole-cell protein profiling, spatial localization, and quantification of activities such as gene transcription and protein translation are possible with modern biochemical and biophysical techniques. Yet, addressing questions of overall compositional changes within a cellcapturing the relative amounts of protein and ribosomal RNA levels and lipid content simultaneouslywould require extractions and purifications with caveats due to isolation yields and detection methods. A holistic view of cellular composition would aid in the study of cellular composition and function. Here, solid state NMR is used to identify 13 C NMR signatures for cellular organelles in HeLa cells without the use of any isotopic labeling. Comparisons are made with carbon spectra of subcellular assemblies including DNA, lipids, ribosomes, nuclei and mitochondria. Whole-cell comparisons are made with different mammalian cells lines, with red blood cells that lack nuclei and organelles, and with Gram-negative and Gram-positive bacteria. Furthermore, treatment of mammalian cells with cycloheximide, a commonly used protein synthesis inhibitor, revealed unanticipated changes consistent with a significant increase in protein glycosylation, obvious at the whole cell level. Thus, we demonstrate that solid-state NMR serves as a unique analytical tool to catalog and compare the ratios of distinct carbon types in cells and serves as a discovery tool to reveal the workings of inhibitors such as cycloheximide on whole-cell biochemistry.
Introduction
Prokaryotic and eukaryotic cells both house a complex suite of macromolecular machines and biomolecules, including proteins, lipids and nucleic acids, to carry out required functions to survive, divide and respond to changing conditions. At the most fundamental level, eukaryotic cells are distinct from prokaryotic cells in their subcellular compartmentalization and use of membrane bound organelles. These organelles include the nucleus (chromosomal DNA storage), the mitochondrion (ATP/ energy generation), the Golgi (protein processing) and the Endoplasmic Reticulum (protein processing, sorting, and transport). Molecules are targeted to and transported through these organelles, often undergoing transformations along the way, eliciting visions of a bustling city. Misfunction of any cellular organelle can wreak havoc and result in aberrant biochemistry and disease. Enormous effort has been dedicated to understanding each organelle in as complete detail as possible and in understanding how each organelle interfaces with the rest of the cell. Recently, full 3D structures of mitochondria and nuclei have even been determined using Coherent X-ray Diffractive Imaging (CXDI) (Kim et al., 2017; Song et al., 2014) . Protein assemblies within these organelles have been elucidated using cryo-EM (Bausewein et al., 2017; Chua and Sandin, 2017; D'Imprima et al., 2016; Mahamid et al., 2016; Wilson and Costa, 2017; Zhou et al., 2015) .
Impressive advances in structural biology methods, including X-ray crystallography, cryo-EM, solution and solid-state NMR, continue to transform our understanding of larger and larger assemblies. Information regarding dynamics of proteins and macromolecular assemblies in the relevant milieu of the cell is also advancing our knowledge beyond static structures. Yet, quantifying composition and concentrations of biomolecules in cells is usually the target of specific biochemical experiments. Western blot immunoassays, for example, can quantitatively compare the relative amount of a particular protein present across a sample set. Two-dimensional protein gel analysis and proteomics approaches can also be used to evaluate changes across all proteins in a cell, and qRTPCR or RNA-Seq can be employed to evaluate the prevalence of mRNA (and other RNAs), indicative of gene expression status. However, readily and quickly identifying collective differences in overall composition, such as quantifying the relative abundance of proteins, nucleic acids, carbohydrates and lipids, between samples poses a challenge to typical biochemical analyses. These usually rely on complete liberation and solubilization of all these components, followed by specific biochemical assays.
Solid-state NMR has emerged as a powerful tool to monitor atomiclevel compositional changes in large cellular assemblies and in whole cells. We have worked extensively with bacterial cell walls and whole cells and have identified and developed spectral signatures of specific cell wall atoms and bonds with a variety of approaches utilizing spin-1/ 2 nuclei, primarily through 13 C and 15 N detection, REDOR measurements, and spin diffusion (reviewed in Romaniuk and Cegelski, 2015) . Selective labeling has been invaluable in identifying specific D-Ala-Gly crosslinks, for example, in S. aureus isotopically labeled with the two amino acids through their supplementation in the nutrient growth medium (Cegelski et al., 2002; Kim et al., 2008) . Formation of D-Ala-Gly crosslinks is inhibited by penicillin and solid-state NMR enables the direct measurement of the extent of diminution of crosslink formation in whole cell samples. Uniform labeling with 13 C has been recruited for spin diffusion measurements in cell walls and whole cells (Nygaard et al., 2015) . Compositional detail is also obtained from examining samples with 13 C at natural abundance. The first determinations of the composition of the extracellular matrix surrounding biofilm bacteria in uropathogenic E. coli were made using bacterial samples with natural abundance 13 C levels (McCrate et al. 2013; Thongsomboon et al., 2018) . In studies with S. aureus, spectral signatures for cell walls have been identified in unlabeled whole cells. Moreover, this approach had the sensitivity to distinguish cells as being treated with the antibiotic fosfomycin (a cell-wall inhibitor) and chloramphenicol (a protein synthesis inhibitor) (Nygaard et al., 2015) . More recently, we reported the 13 C CPMAS spectrum of intact bacterial ribosomes, which can account for up to one-fourth of the cell mass (Nygaard et al., 2017) .
Here, we present the 13 C CPMAS spectra of nuclei and mitochondria isolated from eukaryotic HeLa cells and identify spectroscopic signatures of these organelles in a HeLa whole-cell spectrum. Nuclei and mitochondria exhibit distinct regions of spectral enhancement and diminution that correspond to the unique contributions and density of carbon types present within them. We further compared these spectral signatures in HeLa cells with red blood cells and bacterial cells. Finally, our results with a commonly employed protein synthesis inhibitor, cycloheximide, revealed new insights regarding the extent of its additional effect on protein glycosylation in whole cells. All samples were analyzed at natural abundance 13 C levels, with no isotopic enrichment. Thus, this approach is applicable to analyzing more complex cell types and tissue specimens where biosynthetic labeling is not always feasible.
Materials and methods

Solid-state NMR measurements
All NMR experiments were performed in an 89 mm bore 11.7 T magnet (Agilent Technologies, Danbury, CT) using an HCN Agilent probe with a DD2 console (Agilent Technologies). Samples were spun at 7143 Hz in 36 µL capacity 3.2 mm rotors. The temperature was maintained at 5°C with an FTS chiller (FTS Thermal Products, SP Scientific, Warminster, PA) supplying nitrogen at -10°C. The field strength for 13 C cross polarization was 50 kHz with a 10% 1 H linear ramp centered at 57 kHz. The CPMAS recycle time was 2 s for all experiments. 13 C chemical shifts were referenced to tetramethylsilane as 0 ppm using a solid adamantine sample at 38.5 ppm.
Bacterial cell culturing
Whole cell samples of the E. coli strain MC4100 and the S. auerus strain ATCC29213 were grown, frozen and lyophilized for NMR analysis. Specifically, a bacterial culture was initiated in LB broth (E. coli) or S. aureus synthetic medium (SASMa specialized media for growing S. auerus) and grown overnight and then diluted 1:500 in LB broth (E. coli) or 1:300 in SASM (S. aureus). Bacteria were grown shaking at 37°C until mid-exponential phase. E. coli cells were then harvested by centrifugation at 5000 g for 15 min and washed twice with cold borate buffered saline. S. aureus cells were harvested by centrifugation at 10,000 g for 10 min and washed three times with ice cold 5 mM Hepes buffer (pH 7). All whole cell pellets were frozen in liquid nitrogen and lyophilized.
Cell culture and organelle isolations
HeLa and HEK cells were grown in Dulbecco's Modified Eagle Medium (DMEM) while CHO cells were grown in Ham's F-12 K (Kaighn's) Medium. All media was supplemented with 10% fetal bovine serum (FBS) and 1% (v/v) penicillin-streptomycin. Cells were grown until confluent at 37°C and 5% CO 2 . Mammalian cells were harvested by trypsinizing and then spun at 1200 g for 10 min at 4°C. Cells were then washed in cold borate buffered saline. For whole cell samples, these cell pellets were frozen in liquid nitrogen and lyophilized. From this stage, mitochondria and nuclei were extracted from HeLa cells by differential centrifugation as previously described with modifications (Clayton and Shadel, 2014; Nilsen, 2013) . Specifically, cells were resuspended in five times the pellet cell volume of hypotonic lysis buffer (1.5 mM MgCl 2 , 10 mM KCl, 1% (v/v) borate buffered saline in MilliQ water). Cells were then left on ice for 15 min to swell and were lysed by use of a dounce homogenizer (pestle B) until greater than 90% cell lysis was achieved (∼14 strokes). The lysate was then spun for 10 min at 600 g at 4°C for 10 min to pellet intact nuclei. The supernatant from this step was spun again at 8000 g at 4°C for 10 min to pellet intact mitochondria. Both the nuclei and the mitochondria pellets were washed in cold borate buffered saline twice. The mitochondria and nuclei pellets were frozen in liquid nitrogen and lyophilized.
Red blood cell isolation
Red blood cells were isolated from human blood (Innovative Research Inc) by centrifugation. The blood was spun down at 1000 g for 10 min × 4°C. The pellet was resuspended in borate buffered saline and spun again under the same conditions as above. This process was repeated until the supernatant was clear while the pellet was bright red. The cell pellet was frozen in liquid nitrogen and lyophilized.
DNA preparation
DNA (Deoxyribonucleic acid sodium salt from E. coli Strain B) was commercially acquired (Sigma Aldrich) and used as received (dry powder).
Cycloheximide treatment
HeLa cells were treated with a non-lethal concentration of cycloheximide as previously described (Adams and Cooper, 2007; Oksvold et al., 2012) . HeLa cells were grown under the conditions described above for 16 h at which point the media was replaced with media containing 50 µg/mL cycloheximide. The cells were grown for another 8 h before harvesting.
2.7. Organelle fluorescence labeling for confocal microscopy 8.75 × 10 5 HeLa cells were seeded onto #1 ½ square coverslips and grown overnight. The cells were fixed and permeabilized as previously described with modifications (Chazotte, 2011) . Cells were rinsed three times with PBS and then fixed for 10 min in 3.7% formaldehyde. The cells were then washed with PBS for five minutes three times. Mitochondria were then stained with MitoTracker Deep Red 633 according to manufacturer's instructions with modifications. Cells were incubated in he MitoTracker probe (25 nM in PBS) for 20 min. The cells were then permeabilized in 0.2% Triton X-100 for 5 min and then washed three times with PBS. The ribosomes were then immunostained according to manufacturer's instructions with modifications. The cells were blocked for 1 h at room temperature in blocking buffer (1% bovine serum albumin) spiked with 0.2% Triton X-100. Cells were then incubated for 45 min in blocking buffer containing a 1:25 dilution of primary antibody (anti-ribosomal protein S3) and then washed three times with PBS. The cells were then incubated for 30 min in blocking buffer containing a 1:500 dilution of secondary antibody (Alexa-Fluor 488 goat anti rabbit) and then rinsed three times with PBS. The nuclei were then stained with a DAPI solution (0.2 µg/mL) for one minute and rinsed with PBS three times. The tri-stained coverslips were then mounted onto slides and imaged using a Zeiss 880 inverted confocal system.
Results and discussion
Carbon compositional comparisons of intact mammalian cells and isolated organelles
Three commonly used mammalian cell lines were selected for comparative analysis by CPMAS solid-state NMR. These include HeLa cells (human cervical cancer cell line), Human Embryonic Kidney cells (HEK), and Chinese Hamster Ovarian cells (CHO). All 13 C detection experiments in this work are performed without isotopic labeling, with 13 C at natural abundance levels. The 13 C CPMAS spectra of the three mammalian cell lines are extremely similar and display strong overlap in all regions (Fig. 1A) . The types of carbons contributing to the spectra can be identified and categorized. Each whole cell spectrum contains a prominent carbonyl region (172 ppm), a region associated with sp 2 carbons as in nucleic acids and aromatic amino acids (130-160 ppm), a region associated with alcohol and sugar carbons (70-85 ppm), amino acid alpha carbons (40-60 ppm), and the upfield aliphatic peaks including methyls and lipid CH 2 groups (10-40 ppm), etc. A single whole cell spectrum with all the contributions of carbonyls contributing broadly to a certain region and carbohydrates to others, etc., might not appear to ultimately be that specific or capable of addressing specific biological questions. In the following sections, we aim to show how there is power in observing the carbon pools in this way for intact cellular systems and in making spectral comparisons across samples. We also find that solid-state NMR analysis of these types of intact systems is also serving as a discovery tool to reveal unanticipated compositional details and we provide an example of this with the whole cell NMR analysis of mammalian HeLa cells treated with cycloheximide, typically employed for its ability to interrupt protein synthesis.
Each of the three mammalian whole cell spectra in Fig. 1A represents the collection of all the carbons in the cells, including those from within membrane-bound organelles. Each cell has a nucleus housing the cellular DNA, totaling 6-8% of the cell volume (Jorgensen et al., 2007) . Mitochondria are the sites of ATP synthesis, fueling the energy demands of the cell and are spread throughout the cytoplasm, encompassing as much as 35% of the cellular mass (Anastacio et al. 2013) . Nuclei and mitochondria are readily isolated from HeLa cells by differential centrifugation and were examined by 13 C CPMAS NMR ( Fig. 1B-C) . Fluorescence microscopy of these HeLa cells illustrates the localization of nuclei (blue) and mitochondria (red). Ribosomes are also identified in green. Ribosomes are not membrane-bound structures, but are the cellular machines that carry out protein synthesis. We recently reported the 13 C and 15 N CPMAS spectra of intact ribosomes isolated from E. coli (Nygaard et al., 2017) . Ribosomes naturally exhibit dramatic differences from whole cells and other cellular assemblies, based on their unique protein-RNA composition and the defining 13 C chemical shifts for nucleic acid carbons. Here, we begin the analysis of mammalian cell NMR signatures by presenting the 13 C spectra of isolated nuclei and mitochondria in comparison with the intact HeLa cells ( Fig. 1B & C) .
The nucleus is the largest cellular organelle and, overall, has a similar 13 C CPMAS spectrum to that of whole cells (Fig. 1B) . Key differences are the increases in peak intensity for the DNA purine and pyrimidine carbons between 130 and 160 ppm and the C1′, C3′, and C4′ deoxyribose carbons near 85 ppm. A comparative spectrum of isolated DNA is also provided (green inset). Whole cells also contain ribosomes that contribute intensity to these regions due to the significant ribosomal RNA content. Yet, along with all the nuclear proteins, nuclei contain a higher density of DNA than the ribosomal RNA density found in whole cells and this is reflected in the relative enhancement in the DNA-specific 13 C spectral regions for nuclei. As seen from the pure DNA spectrum, DNA also contributes peak intensity near 73 ppm. This is the dominant peak observed in pure DNA. Yet, many other hydroxyl carbons in the whole cell also share this chemical shift. Since this peak is decreased in the nucleus spectrum relative to the whole-cell comparison, it indicates that other C-OH carbons at this chemical shift are relatively more prevalent by carbon mass in whole cells than in nuclei. The lipid peak at 30 ppm is more intense in the nucleus spectrum compared to the whole cell spectrum. This could be attributed to the smaller volume of a nucleus compared to a whole cell (and an increased surface area to volume ratio), causing the phospholipid carbons to proportionally make up more of the overall carbon mass of nuclei than in whole cells.
Mitochondria are responsible for cellular energy production and tend to cluster in areas where energy is most needed, e.g. at sites of cell division (Fig. 1C inset) . The 13 C CPMAS spectrum of isolated mitochondria, with their resident biomolecular components, reveals that mitochondria share the same general carbon pools as whole cells (Fig. 1C ). However, mitochondria exhibit dramatic enhancements in lipid-associated peak intensities (25-40 ppm). This enhancement is even more pronounced than for nuclei vs whole cells and is attributed to the even greater increase in surface area to volume ratio for mitochondria, wherein mitochondria consist of a vast membranous ruffling architecture to enhance surface area.
Red blood cells as unique cells that lack nuclei and membrane-bound organelles
Red blood cells are an amazing cell type that, in their mature form, consist of approximately 97% hemoglobin and account for roughly onefourth of the cells in the human body (Weed et al., 1963) . During their development, red blood cells ramp up ribosome production to make hemoglobin and ultimately eject their nucleus to become specialized carriers of hemoglobin, picking up oxygen in the lungs and delivering it to tissues via the circulatory system. Red bloods cells also lack mitochondria. The absence of nuclei and other organelles contributes to the concave disk shape of red blood cells. We compared isolated red blood cells from human blood to HeLa whole cells and to pure hemoglobin by 13 C CPMAS NMR ( Fig. 2A) . The red blood cell spectrum is a very close match to pure hemoglobin (Fig. 2B) . Even without the direct hemoglobin comparison, it is obvious that the red blood cell spectrum lacks the nucleic acids that contribute to the HeLa whole cell spectrum, with purines and pyrimidines notably present in HeLa cells from 130 to 160 ppm and deoxyribose peaks near near 85 ppm (Fig. 2C) .
Whole cell NMR comparison of mammalian and bacterial cells
The 13 C CPMAS spectrum of HeLa cells was compared with both Gram-negative and Gram-positive bacterial cells (Fig. 3) . We hypothesized that mammalian cells would compositionally be more similar to Gram-negatives than to Gram-positives, primarily because Gram-positive bacteria surround themselves with a thick cell wall that can account for 15-25% of the cell mass and is composed of compositionally unique biomolecules: peptidoglycan and teichoic acids, both very rich in polysaccharide content. Gram-negative bacteria, on the other hand, are rod shaped organisms and contain inner and outer membranes that surround the cytoplasmic contents, including ribosomes, DNA, proteins, etc. The periplasm is the space between the two membranes and contains only a thin layer of peptidoglycan plus many proteins. We also note that the bacterial outer membrane composition is distinct from the inner membrane and is rich in lipopolysaccharides. 13 C CPMAS spectra of HeLa cells and E. coli exhibited significant similarities in the general peak positions, shapes, and heights (Fig. 3A) . The E. coli whole cell spectrum, however, is enhanced in the peaks between 35 and 40 ppm, 60-100 ppm and 135-160 ppm in the comparison as normalized to the carbonyls peaks. These peaks correspond to the major carbon signatures present in E. coli ribosomes (Nygaard et al. 2017) and are consistent with the increased percentage of the cell volume occupied by ribosomes in E. coli, lacking other organelles, as compared to HeLa cells. In contrast, the peaks at 130 ppm and 30 ppm are enriched in the HeLa cell when compared with the E. coli spectrum, and these peaks were notably enhanced in the isolated mitochondria spectrum. Thus, the spectral differences between HeLa cells and E. coli can be rationalized based on the compositional differences of major subcellular components emphasized in Fig. 2. As hypothesized, the 13 C CPMAS spectrum of S. aureus, a Grampositive bacterium, exhibited considerable differences in relative carbon composition as compared with HeLa cells. We attribute this to the dominant contributions of cell-wall carbons to the S. aureus spectrum, resulting in the relatively lower signal intensities for intracellular components (distinguished in contributions to the 125-160 ppm region not populated by cell-wall carbons) and increased cell wall carbons, notably represented by the cell wall polysaccharide anomeric carbons and other sugar ring carbons, collectively between 65 and 105 ppm (Nygaard et al. 2015) . Thus, whole cell spectra have the ability to report on the total collection of carbons in the cell and, through comparison with standard cell types and major molecular assemblies, can be interpreted in terms of major types of biomolecules in different cell types. We additionally sought to further test the power of the whole cell NMR approach with mammalian cells to see whether the resulting spectrum for cells treated with a protein synthesis inhibitor would lead to detectable changes in the whole cell spectrum, with suppression of protein-specific signals.
Cycloheximide treated HeLa cells
As described earlier, we determined that 13 C CPMAS of natural abundance S. aureus could reveal the general nature of inhibition Fig. 2 . Examination of red blood cells by 13 C NMR. (A) A spectral overlay of red blood cells (solid red line) with HeLa cells (dashed black) reveals significant carbon differences, with reduced contributions from DNA and ribosomes to the red blood cell spectrum. (B) The red blood cell 13 C spectrum is a close match to that of hemoglobin, wherein red blood cells are composed of at least 85% hemoglobin by mass. (B) A spectral overlay of whole red blood cells with nuclei isolated from HeLa cells further emphasizes the lack of contributions from nucleic acids to the red blood cell spectrum, similar to the differences observed in the comparison of red blood cells with whole HeLa cells in (A). among antibiotics, detecting reduced cell wall content for cell-wall targeting antibiotics, for example (Nygaard et al. 2015) . Here, HeLa cells were treated with cycloheximide, a known inhibitor of protein synthesis widely used in biochemical experiments. A concentration of drug was used that is not so high a concentration as to effect immediate cell killing, avoiding massive cell lysis. Treatment of HeLa cells with a 50 µg/mL concentration of cycloheximide reduced cell viability by only 5-10% after an 8-h treatment.
The 13 C CPMAS spectrum of cycloheximide-treated HeLa cells was compared to the control HeLa cell spectrum (Fig. 4) . Instead of observing relative differences in protein-associated peaks, the very obvious difference between the two spectra was the enhancement of carbons associated with closed ring sugars as found for mannosylated and other glycosylated proteins. Cycloheximide is know to bind to the 60S subunit of the eukaryotic ribosome to inhibit translation, yet its exact mechanism of action is appreciated to be incompletely understood (Schneider-Poetsch et al., 2010) and other effects have been documented. Indeed, an enhancement on protein glycosylation has been observed previously. A biotechnology application involving the production of recombinant human protein prolactin recruited the use of cycloheximide because the N-linked glycosylation site occupancy of the protein was increased during treatment (Shelikoff et al., 1994) . More specifically, prolactin has 199 amino acids, one of which is an asparagine and a target for N-linked glycosylation. Only about 15-30% of prolactin produced in different cell types is glycosylated. In contrast to other protein synthesis inhibitors studied, cycloheximide uniquely resulted in enhanced glycosylation of prolactin. The authors provided an attractive model for this activity and suggested that the decreased rate of elongation during translation could decrease the rate at which nascent polypeptides enter and are processed in the endoplasmic reticulum (ER), leading to increased residence time in the ER and an increased propensity to be a target for glycosylation (Shelikoff et al., 1994) . Prolactin was studied and detected by Western blot assays using specific antibodies and more general protein profiling was not performed. Our NMR results demonstrate that glycosylation is significantly enhanced at the level of the whole proteome by simply observing the natural abundance 13 C spectrum of control and cycloheximide-treated wholecell samples.
Conclusions
Solid-state NMR has a long and rich history in examining composition and architecture in biomolecular assemblies and also in nonbiological materials. We have been pursuing efforts to define parameters of cellular composition that could be used to evaluate challenging biochemical questions. Most of our work has been focused on microorganisms and some examinations of plants. In this work, we demonstrate the ability to interpret NMR spectra from mammalian whole cells. This foundation sets the stage for identifying compositional changes associated with cellular misfunction and disease. For example, the nucleus contains two main structures: the nuclear envelope and the nuclear matrix. Deviations from normal nuclear matrix composition have been implicated in cell abnormalities with severe disease phenotypes, including premature aging diseases (Cau et al., 2014) . Mitochondrial compositional changes have been associated with human disease. Alterations in the phospholipid composition of synaptic mitochondrial membranes have also been shown to accompany early stages of Alzheimer's disease (Monteiro-Cardoso et al., 2015) . An ability to measure parameters of composition and to provide holistic and quantitative comparisons among samples is an attractive approach to guide analysis of biochemical changes in a cell or tissue. All the experiments in this study were performed with cells and assemblies containing 13 C at natural abundance levels with no isotopic labeling or special growth requirements. Thus, it is possible to examine isolated mitochondria from animals and human samples to determine if the approach will be sensitive enough to detect compositional changes that lead to mitochondrial diseases, for example.
The whole-cell NMR approach shows particular promise in characterizing the modes of action of drugs and compounds whose activities 13 C CPMAS spectra of HeLa whole cells and E. coli (Gram-negative bacterium) whole cells exhibit major overall similarities, yet the E. coli spectrum exhibits enhanced signal intensity between 65 and 105 ppm, while the HeLa spectrum is enhanced at 130 ppm and 30 ppm, as peaks associated with lipids. (B) 13 C CPMAS spectral overlay of HeLa whole cells and S. aureus (Gram-positive bacterium) whole cells reveals very different spectral signatures due to the presence of a thick, peptidoglycan-rich cell wall in Gram-positive bacteria. Fig. 4 . Cycloheximide treatment of HeLa cells. 13 C spectral comparison of untreated HeLa cells and HeLa cells treated with 50 μg/mL cycloheximide for 7.5 h reveals enhanced intensity between 55 and 105 ppm, consistent with cycloheximide resulting in a significant increase in glycosylation of proteins in the whole cell sample. are incompletely or poorly understood. We demonstrated this and the ability of the solid-state NMR approach to serve as such a discovery tool by reporting spectroscopic changes that occur when cells are treated with cycloheximide, a commonly employed protein synthesis inhibitor. The specific spectral increases in the sugar carbons are most consistent with a major increase in protein glycosylation in whole cells. This was not anticipated, but provides insight into the effects of cycloheximide treatment, so widely used in cell biology and biochemistry experiments. Thus, researchers employing cycloheximide as a routine tool for suppressing protein synthesis should be aware of the magnitude of the effect on protein glycosylation and consider this as a possible contributor to altered outcomes in comparative experiments. This specific example is supported by individual literature examples that point to surprising aspects of cycloheximide treatment. This also emphasizes the need to consider multiple targets and activities of small molecules, even when a primary mode of action is ascribed to a compound. We believe that the holistic whole cell NMR approach is a straightforward analysis that provides value in examining gross changes in composition as a function of compound treatment or alternate environmental stresses, complementing biochemical analyses. For further carbon-type and molecular specificity, other NMR experiments could be added to more selectively filter carbon types spectroscopically and even map proximities between drugs and cellular targets as we and others have demonstrated extensively in bacteria (Cegelski et al. 2006; Cegelski, 2013) . Future work will examine the influence of other small molecule effectors targeting different aspects of mammalian biochemistry to further test this approach and potentially yield unanticipated insights as we observed with our first test compound cycloheximide.
